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MEASUREMENTS OF VISCOSITIES OF GASES AT HIGH PRESSURE *2 296-307
Part II
Viscosities of Nitrogen and Mixture of Nitrogen and Hydrogen
Hiroji Iwasaki |

Abstract =

" Measurcments ‘of the viscosities of nitrogen, 80.4% Nj—19.696 Hy system and 31.9% "Nr'-ﬁ&“l;)ﬂ;ﬂi S
system have been made within the error of ‘about 1 per cent, using the modified oscillating dlsc me=
thod, at the following conditions . o 0 e e
" namely, , g e R
‘ pure nitrogen at 25°, 100° and 150°C up to 200 atm, el B
8045 N;—19.69% H; at 50" and 100°C up to 200 atm, SRS &
and N . : . ' e ' S P

: '31.9% N;—68.19¢ Hy at 50°C up to 200 atm and at 100°C up to 100 atm, .

- From these measurements it was found that (Ov/30), is positive while (G7/0p)e becomes prog- S 5}'“
ressively smaller as the temperature increases and that (§7/60), is positive, remains constant over -
the whole density ranges within the limits of the experipiental accuracy and is the function 4of 'lhg
temperature alone. . s N

The experimental eqna.tions for viscosity~density isotherms were derived using the measured values, -
These equations reproduce them within the experimental awirqcy. . T
Calculating from the measured values, it was found that the deviations (d(x)) of the. viscosities of : .
binary mixtures (y,.) from those (mN%~+nzpH) made equal to the molal average of the viscosities ,
of the compoﬂcnts'of'ti:e mixture are independent of the pressure within the experi'xpe;ntal accuracy '
over the whole measured ranges and are the function of the temperature and the concentration ratio
of components. - (Received Dec. 4, 1953) -

*

Introduction

There have been quite a few studies on the measurement of the
viscosities of single gases at high pressure up till the past several
years[6], and a theoretical treatment has been proposed by Enskog and
others[1l] along with some actual measurements[2]. Many methods for this
measurement have been suggested[3]. On the other hand, the theoretical
treatment of a two component gas under high pressure is extremely difficult,
and with the exception of measurements on air there are but a handful of
actual measurements[6]. The measurements of the 64.1% H,-35.9% No system
at 30° and 70°C by Boyd[l4] are just about qualitative im nature when viewed
from the precision of the measurements and other criteria. It may be said
that the measured values are worthless to serve as any basis for theorizing

# Numbers in the margin indicate pagination in the original foreign text.



NASA TT F-11,839

on the viscosities of a gas mixture at high pressure. There are many
occasions in industrial areas where gases under high pressures are utilized.
When such is the case, there have been attempts to use quasi-critical
constants and treat the mixture like a one component gas using one of the
methods used in the past for such systems[5]. Any such approach requires
some accurately known viscosity values so that the reliability of the method
can be tested as well as to establish the limits of precision.

This paper describes work that is a continuation of what was reported
in the last paper. It includes the viscosity measurements of a nitrogen~-
hydrogen system in addition to those on pure nitrogen. Pure nitrogen
viscosity measurements were made at 25°, 100°, and 150° up to 200 atm
pressure; the 8L.4% Ny-19.6% H, system measurements were made at 50°C and
100°C up to 200 atm pressurej and measurements of the 31.9% N,-68.1% Hy
system up to 200 atm at 50°C and up to 100 atm at 100°GC.

Measuring Apparatus and Procedure

The apparatus and procedure for these measurements were the same as
those detailed in the previous paper in which the method of the oscillating
disc suspended between widely spaced plates was followed.

Twenty conbinuous oscillation amplitudes were measured from which the
average was taken for the logarithmic attenuation ratio determination. The
total time in seconds for 21 oscillations was divided by the number of
oscillations to give the mean period. The watch used was a 30 second watch
capable of being read to 0.02 second. The pressure gage used was calibrated
from 0-300 atm in one atm intervals. It was an 8% large type Bourdon gage
which was standardized with a standard pressure balance. It was capable of
readings to 0.1 atm.

The gasesg used included nitrogen separated from air and electro-
lytically generated hydrogen. Bach gas was passed through NH,Cl1-NH,OH
solution, water, concentrated Hy80,, and solid KOH to remove oxygen and
then thoroughly dried. The nitrogen purified in this manner was 99 6% pure.

The densities necessary for the viscosity calculations from the
measured results were taken from the data of Holbron and Otto[7] and Otto,
Michels, and Wouters[8] for nitrogen . The compression ratios measured by
Wiebe and Gaddy[9] were used to calculate the densities for the nitrogen-
oxygen systems.

Experimental Resulis

i) Apparatas constant: Measurements were made with several re-
placements of the oscillating system from which the apparatus constant €
and the logarithmic attenuation ratio 27A, due to the internmal friction of
the suspended line were established. An example of the type of apparatus
constant obtained is shown in Table 1.
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Here the pressure (p) is in atm., the density (£ ) in g/cc, the
periods (T, T,) in second, and the viscosity (1) in c.g.s. units.

b L . Tablen
b ‘Sample data for the calilir;tim of the apparatus constant. i
) 4y(B) =0.00008,
.. Exp. No. |- Press. P 4 1 T} T Tomean | 7-10% C - | Cmesn
T Cel -] 545 0.0573 0.00542, 8409 9358 .1 - . | 1975 | 0546y | .
C-2 436 0.0459: 0.00492, 9.398 9.352 9.353 195.¢ 0.546, 0547,
o Ge3 319 00327, | 000425, | 9392 ‘| 9353 * 193.¢ 0.548,
C-4 206 00217 | 000361y | 9.384 935% | . 1914 | 0548,

~* §°: Values cbtained from the interpolation of Michels & Gibson's data.() -

These measurements were made at 50°C, and the standard viscosity
values necessary for the calculations were taken from the data on nitrogen
measured by Michels and Gibson[10] just as was done in the preceding paper.
The apparatus constants for the other temperatures were calculated from the
measured value at 50°C corrected with the coefficient of expansion value of
the disc. The oscillating system included (1) disc of 0.925 mm thickness,
28.0 mm diameter {A); (2) same as (A) but with a different type of sus-
pension (B); (3) disc of 0.950 mm thickness, 27.9, mm diameter (C); (these
are labeled by the respective letters in the tables). The discs were made of
T2A stainless steel while the suspending wire was a 0.05 mm diameter, 182 mm
long platinum wire.

(ii) The results of the measurements are shown in Tables 2-li. There
was no instance when the variance exceeded 0.5% for the series of 3-lL .
repeated determinations of the logarithmic attenuation ratio made under the
same conditions. All the precautions relative to this method[6] were ob-
served, and it was ascertained that these measurements were being made
under satisfactory conditions. The errors were below 1%.

The measurements on nitrogen at 25°C were made to test both the re-
liability and reproducibility of this method, and the data obtained here
were compared with the Michels and Gibson[10] data (Table 2). There was
very good agreement in the two sets of data,.and the validity of the pro-
cedure used here was further established.

The experimental values were extrapolated to one atm, and the
following results were obtained. Np at 100°C W, . = 210 4-107% (Kleint[11]

Nagtm = 212.5°1076; Trautz and Baumann[12] M ,,4, = 208.5°107%); N, at 150°C
Naatm = 229.0°107¢ (K., M yatm = 233.0°1078; T, and B., W .4, = 228.1-107¢),
For the 80.4% N3-19.6% Hy system at 50°C, . Y yg54y = 18k 3°107¢; T. and B.,
Naatm = 184.1°107);5 100°C, Yaatm = 206,5°107¢ (K., N,y = 208.0.107%;
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T.and B., Wagpy = 205°107¢). For the 31.9% Na=68.1% Hy system, at 50°C, .
Y Latm = 160.5'10—6, (K», n xam”'” 163 .h’lﬂ's;-vT. and B., ﬂ‘ia.bm = 15800‘10 )g
100°C, M ygtm = 176 571078 Koy U gtm = 178.0~10~¢). Thus, there was fairly
good agreement with viscosity measurements made at standard atmospheric
pressuresin the past.

Table2, - ¢ T

' Experimental and calculated data for Nltrogen.y

. 4o(B)=000007 -
- G50 Cosrc(B) =054,
Exp. No. ‘ Press, |- ¢ 4 T Y Tomesn | 710° | v10°* | 9:10%Cal.
¥ N-1 866 | 00991, | 0.00677, | 9305 | 9332 1945 | 195, | 1954
N-2 615 | 007065 | 0.00577; | .9392 | 9338 . 1894 | 1894 .| 1804
© N3 440 | 00506, | 0.00405;'| 9376 | 9330 1854 | 1854 | 1855 -
N4 206 | 00238, | 000360, | 9369 | 9335 .| 18tg | 1814 .} 181y
i1 N5 1845 | 02020 | 001010, | 9428 | 0333 | 9332 | 2264 | 2264 | 2254
U N-6 1626 | 01804 | 000943, | 9416 | 9327 | 2194 | 2194 | 2184
S N-T 1378 | 01548 | 000862, | 9411 | 9330 ] 2104 | 211y | 209,
.. N-8 1100 |. 01250 | 000765, | 9404 | 9332 | 201y | 2025 | 2014
N-9 874 | 01000 | 000683, | 9391 | 9328 1954 | 196, | 195,

. 7°: Values obtained from the interpolation of. Michels & Gibson's data.(1) _

T,

- ’ ' .

g : L deCAY=0.000104
a0ty ~ | . Ciorc(AY=0542

Exp. No, Press, .. e 4 . T 4 To ”I‘gmun_ 710° . | 310%at.
N-10 88.1 00784y | 0.00666, 9469 | - 9.407 L 2225 | 2234
N-11 61.9 0.0556 | 0.00572, | 9.454 9.400 Lo ) 218y o 2184
N~12 - 435 0.0393¢- | - 0.00494 9444 | - 9398 | i} 216, | 2164
N-13 206 00187y | 0.00368, 9434 9400 | oo | 22 213,
N-14 1868 ] 0.1582 | 0.00949, 9493 9404 | . . 243, 2434
N-15 | -1625“ 7 0.1395 | 0.00890; 9483 9.399 ‘ 239, | 237s.
N-16 139.7 01214 | 000826y | 9481 |. 9403 233, 232,
N-17 1096 - | 009665 | 000738, | 9474 | 9404 | - 2274 2269

. B U Ay =u0002s; - -
| (500 . Ciswec(A)=0541

Exp. No. Press. ' 2 4 T - Te Tomean 7-10% ’ 210%at,
N-18 109.5 0.0844, | 0.00740, 955 -| 9487 | | 22y | 225
N-19 865 | 0.0674; | 0.00670, 9.534 9472 | - ] 2384 238y
N-20 613 0.0483, | 0.00582, 9.525 9472 |- ol 235 | 2354
N-21 | 436 | 00346, | 000510, | - 9519 | 0473 . o a5 2349 | 2334
N-22 20.7 00165, | 000393, | * 9510 9475 | . il 234, 2304
N-23 1878 | 01391 | 000942, | 9565 1. 9477 | - . | 2554 | 2854
N-24 | 1627 01221 | 0.00880, 9555 | 9473 bl 2494 | 2514

* Ne25 ] 1400 01064 | 0.00826, 9546 | o468 | . . | U7, 2474
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I PO T _ - - Ttbk’. o \..ﬂi
Experlmenul und calculated data for OOA%N.—ID.B%H. system. ‘
T (L) SRR mo ogog:’

q

Exp. No.] Press. | [ 4 T To ‘fmicq’n ‘ 10°Cat,

- N-H- 1 206 0.0177, | 000329, | 9386 9.356 . 1860 | 1865 .
N-H- 2 441 003773 | 000146, | 9307 9.356 189, 1895 .
N-H- 3 615 00523 | 000513, | 9403 9.355 , 191y 191
N-H- 4 835 00705, | 000588, | 9.408 9354 | 1954 195,
N-H-5 | 1075 00898, | 000661 | 9416 | 9354 | 0356 199, | 199

C N-H-6 | 1215 01008 | 000701, | 9.420 9355 | ° 202, 202.¢

~  N-H-7 | 1470 | 01203 | 000767, | 9434 9362 | 207 208,
N-H-8 | 1626 01320 | 000805, | 9.432 9357 I 210 | 21l
N-H-9 | 1771 01425 | 000839, | 9433 | 935¢ | 2134 214,
N-H-10 | 1004 01520 | 0 oom, 9439 | 9357 218, 218,y

N | L 4e(B)=0.00010

SR | awo : | Giowc(B)=0546n
Exp, No.| Press, [ 4 T Ta ‘[.m wm mo'e.',
N-H-11 | . 206 0.0153; | 000338, | 9442 | - 0411 - | 208. 208.¢
N-H-12 436 | 00321, | oo0o0a4s; |~ 9.452 9.411 209, 211,
N-H-13 {- 625 | 00457, | 000520 | 9.456 9.407 | oz12g ] 213,
N-H-14 | 1095 007835 | 000662 | 9.464 g2 | o | 219 219,
N-H-15 | 1221 | 00868, | 000694, | 9.473 9.408 o 220, 2214
N-H-16 | 1393 00981 | 000738y | 9.487 9.417 2254 .| 2244
N-H-17 | 1624 01130 | 0007923 | 9490 9415 220, | 2285
N-H-18 | 1964 | 01341 | 000869 | 9.498 9.416 236.4 2344

. lele 4. ,
Experimental and calculated data for 31.994N, - 681 % H; system, P
. 4y(C)=
. (50°C) ) ‘ . ° (C )=0 _555. :
Exp. No. | Press, . e . 4 T. Ty Tomean 9108 710%al.

 N-H-19 20.3 0.007819 | 000225, | 9329 | 9309 | 161, | 1614

. N-H-20 | 445 00169, | 000295, | 9.334 9307 . 162, 163.¢
N-H-21 | - 701 00263, | 000350, | 9.348 9316 164, |- 1654
N-H-22 | 881 0.0327, | 000386, | @ 9.348 9313 1665 | 166,
N-H-23 | 1074 00395, | 000420, | 9351 | 9313 0312 169, 168
N-H-24 | 1208 00441, | 000441, | 9354 | 9314 . 170.4 169,
N-H-25 | 1386 | 00501, | 000467, | 9357 9314 1724 1714
N-H-26 | 1627 0.0579y | 000500, | 9.356 9309 173, 1734
N-H-27 | 1765 00623, | 000518 | 9.358 9311 {. . 175 1754
N-H-28 | 1894 . | 00664, | 000533, | 9360 9311 : 175, 176

- 44.C)=0.00015,
(100°C) o , Cio0°c(C) =0.5524

. Exp.No,| [Press, P 4 T Te Tomean 7108 | 210%Cal’
N-H-29 "5 00146, | 000302, | - 9.3% 9365 | 1784 178,
N-H-30 | - 216 000719, | 0.00240; | 9376 9354 9357 176 1774
N-H-31 874 00281, | 000388, | 9392 | 9357 180.4 181,
N-H-32 625 00204 | 000344, | 9383 | 9352 180, 1704
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Examination of the Measured Results

(1) Relation between viscosity and pressure:

The isotherms for the

relations between the measured viscogity values and pressure are shown in
Figs. 1l and 2.

Both PFigs. 1 and 2 show that the change in viscosity with pressure

(CUWETS )s Was larger the lower the pressure just as it is with air[6].
Thus, (In /56 )p > 0 within the limits of this study. It was also observed
that (3N /Sf )¢ decreased with increasing mol fraction of hydrogen.

260
250
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220
(toL
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190
1o
[ §]

ey v,

- . . .

CEETErTITT) 55 60 70 ao 90 uoo uo 120130 140 150 mo no 180 mo zoo,x;. &

L
Pig. 1. Relation between Pressure and Viscosity of Nitrogea. - .
B¢ Valoes obtnined by Michels & Gibson.(10) o B

e . . g LI &
. LR A e

(1) Relation between viscosity and density: When the isotherms
for the measured viscosity versus density relations for the various gases
that were obtained in this study are plotted, they describe equally spaced

curves within the range of the measurements that were made. The example for
the nitrogen system is shown in Fig. 3.

Since the viscosity approaches the viscosity at standard pressure g,
as the density becomes sufficiently small, it should be peossible generally
to develop it as a function of the density £ . In other words

"

- no*Q(')*ﬁf,a"ooca
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Fig. 2. Relation between Pressure and Viscosity of Binary Mixtures, S
.
170 e : : '
0w 20 30 % 5% 60 0 ao 90 ooo 10 v:o 130 mo 50 160 TI0 wo 190 2% 20 roo‘
Fig. 3. Relatinn between Density and Viscosity of Nitrogen, .
% R ‘ E} Values obtained by Michels & Gibson,
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We now take into consideration the equal spacing of the isotherms
that was observed in the experimental results and apply the experimental
results into the above equation to obtain o, B3, and N ,. We get for the
Nz Wﬁwm

Tl = Tor + 0.0000037 + 0.0006k30° )
For the 80.4% Np-19.6% H, system o
Mot = Yye + 0,000100¢ + O. 000800,;?' @)

For the 31.9% N»-68.1% H, system
= fl,. * 0.000152p + 0.00130p% (3)

The N 354y Values that were given before are given as the ‘10 values obtained
by the above method.

The viscesity values (M g,y,) calculated from the above relations in
which the aforementiomed values were substituted for Mg, ¢ are given in the
final columns of Tables 2-l. The N, for nitrogen at 25°C was taken to be
178 5°107% ingtead of the extrapolated value of 177.5-10~° from the Michels
and Gibson data. The following calculations were made in a similar manner.

It is seen tha’c. the above expansions up to Pa give very good agreement
with the experimental results. Furthermore, the above relation for nitrogen
was found to give very good agreement with the experimental data of Michels
and Gibson[10] up to very close to the critical demnsity (f’ = 0,311 g/cc).
This is shown.in Table 5. ;

e

e . Table 5.

i
{

. . ) Comparison of measured and calcu\ated values of visoosity of
' . nitrogen up to the critical density region. . e
25°C . . 50C ‘ 75°C
] P jym10%p108cafi P 0 [ 7®108 n-10%Calfl P o |u®)-10°3:105ca f- ‘

14.44 1 0.01659] 1800 | 180, 1537 ] 0.01623| 1913 | 1915 || .1537] 0.01505] 2022 | 201, .
48,22 1 0.05549] 1864 | 1864 67,60 1 0.06049] 1081 | 1984 57.61] 0.05591] 2088 | 207, -
1045 101190 | 2005 | 199, | 1045 | 0.1083 | 2088 | 208y | 1045 | 0.09970} 2175 | 216,
- 2124 |02300 | 2367 | 2365 || 2124 | 0.2067 | 237.3 |* 238 || 2124 | 0.1902 | 240.8 | 2424
M4 103148 | 2264 | 2744 || 3204 | 02875 | 2737 | 272, 3203 | 02659 | 2746 | 273,

. we . (a) Measured values by Michels & Gibson.(10) =

The broken line curve in Fig. 3 was obtained from equation (1) using
the experimental values of Michels and Gibson extrapolated to 1 atm to be
N o = 189.6410°%, The values marked by [ in this figure are the actually
measured values of Michels and Gibson. The B-100°C broken line in Fig. 2
shows the portion that was calculated with equation (3)



NASA TT F-11,839

(1ii) Relation between viscosity and composition®: The relation
between composition and viscosity at fixed temperature and pressure is given
by the following equation.

M =ogMy * oglly * by
Here N, is the Wiscosity of the gas mixture of ny mol fraction

nitrogen and ny mol fraction hydrogen while Ny and ”IH are the viscosities
of pure nitrogen and hydrogem at the given pressure and temperature.

When the viscosity of a mixed >gas is expressed in this manmer, A (n)
is obviously a function of composition, temperature, and pressure. .

Next, the experimental results from the preceding section were used
to determine the effect of pressure on A () at 50°C and 100°C. It was

assumed that the viscosity versus density relations for pure hydrogen given
before were valid even for this particular area and we used the Gibson data
[13] for 25°C up to 300 atm and the Trautz and Kurz[1h] and Sutherland and
0. Maass[15] data for 50° and 100°C at one atm for the.calculations.

"nopr 'oo.‘ y
‘ i - ) - 113%
O =V § ¥ g gggogeat . R R L
100 % ol : . — v
s i kX Ty gy, wpnpegegeegs STtk .
i o S w5t
- golp—em —Q==—————=—=@TTo===F e i AL
’ 80 l - ' - 'l - ) i 1 ] . ' 1 1 1 3 9 N .
. 9 10 20 30 .ae0 50 60 70 80 90 100 10 . 120 130 Wo 750 r ‘QQ

" Fig. 4, Relation between Density and Viscosity of Hydrogen,
 ©. Values obtained by Gibson,
" . & Values obtained by Kuss. )

The solid lines in Fig. L are the isotherms of the viscosity versus
density relations obtained in this mammer. The data of Kuss[16] for 25°, 50°,
and 75°C are given as the broken lines. While the Kuss lines at the different
temperatures are equally spaced, there is a 2% precision in these values

from which it can be said that the agreement with the calculated results is
good.

3% The viscosity values used for the examination of this relation wére
calculated from equations (1)-(3) mentioned before while the values for

hydrogen were obtained from the viscosity-density relation that is given
later.
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'The relation between A (n) and pressure calculated from aforementioned

experimental results are given in Table 6. It is seen from these results that
is a function of composition and temperature and is independent of the
pregsa.re at least within the confines of experimental error.

It then became possible to construct the isobars for the viscosity
versus composition for a two component system using the relation between
viscosity and composition at 1 atm and the viscosity versus pressure re-
lation taking into account the associated precisions.

The abowe data were used to construct the isobars for the viscosity
versus composition relation at 1 atm using the theory of Hirschfelder et al.,
[17] and the .ﬁ( ) values were calculated from the 1 atm isobars®. It has

been shown that this theory fits very well with data from many investigators,
and the figure shown later shows a fairly good agreement with the data ob-
tained by the author. These A( ) values and the high pressure viscosity
values for single gases were use 3 to construct the isobars at 50°C and 100°C
taken at 50 atm intervals. These are shown in Figs. 5 and 6. The A (n)"'

curve is placed under the family of isobars in each figure.

The 1 atm isobar shown in these figures were calculated with the
Hirschfelder theory, and the poinis marked with B show these calculated
points. The e points are the author's measured values. It is seen thatb
there is agreement to within 1% between the experimentally measured values
and the isobars at least within the limits of this study.

The viscosity of the 31.9% N,~68.1% H, system at 150 and 200 atm of
186,5+10"® and 191,,°10"® respectively taken from Fig. 6 and the values of
185 .9~10‘6 and 190 , ©+10"6 from the broken line portion of B-100°C in Fig. 2
which were calculated with equation (3) show good agreement. It is inferred
that the broken line portion of B-100°C represents the true values.

The author gratefully acknowledges the continual guidance and
assistance of Professor Tatsuro Torikai throughout this investigation. A
portion of this research was funded by the Science Research Fund of the
Minigtry of Education. This assistance is gratefully acknowledged.

‘ (Received li December 1953)

# Following their practice, the force comstants (&/x , r,) between like
molecules were obtained from the viscosity and the force constants
between unlike molecules from the diffusion coefficient[17].
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Fig. 6. Viseo;ity 'lsoba;' of nitrogen and hydrogen system as a function of
mol fraction of hydrogen at 100°C, '

Note:

In the past, the 1/m* - P - T, curve (1* = some standard viscosity)
was reliable only to about Tn(T/T;) *= 3.0 because of the lack of experimental
data. There was no curvwe which could give reliable values above this Tj.

Using the experimental data noted before and the data on the visocity
of hydrogen reported by Gibson and Kuss, the "M, - Pp - Ty curve (N5
viscosity at standard pressure at the respective temperature) were derived
following the Comings and Egly procedure. These were plotted, and the critical
temperature limit was expanded from Ty = 2.80 to Tr = 7.25.
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It was found that the nitrogen-hydrogen system could be duplicated
within 1% error of the iso-T, curves for the same /W, versus P, relationms.
There are no other data available except the author's work on air at 150°C
which come within the scope represented by this figure. The values on
this figure come within 1-2% of the measured results obtained by the author.
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Fig. 7. Generslized Reduced - Viscosities.
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